The major mRNA degradation pathway involves deadenylation of the target molecule followed by decapping and, finally, 5′→3′ exonuclease digestion of the mRNA body. While yeast factors involved in the decapping and exonuclease degradation steps have been identified, the nature of the factor(s) involved in the deadenylation step remained elusive. Database searches for yeast proteins related to the mammalian deadenylase PARN identified the Pop2 protein (Pop2p) as a potential deadenylase. While Pop2p was previously identified as a factor affecting transcription, we identified a non-canonical RNase D sequence signature in its sequence. Analysis of the fate of a reporter mRNA in a pop2 mutant demonstrates that Pop2p is required for efficient mRNA degradation in vivo. Characterisation of mRNA degradation intermediates accumulating in this mutant supports the involvement of Pop2p in mRNA deadenylation in vivo. Similar phenotypes are observed in yeast strains lacking the Ccr4 protein, which is known to be associated with Pop2p. A recombinant Pop2p fragment encompassing the putative catalytic domain degrades poly(A) in vitro demonstrating that Pop2p is a nuclease. We also demonstrate that poly(A) is a better competitor than poly(G) or poly(C) of the Pop2p nuclease activity. Altogether, our study indicates that Pop2p is a nuclease subunit of the yeast deadenylase and suggests that Pop2p homologues in other species may have similar functions.
INTRODUCTION
Protein synthesis is in part regulated by the availability of mRNA templates. The levels of the various cellular mRNAs are controlled both by their rates of synthesis and degradation. While much is known about transcriptional control, the mechanisms involved in mRNA degradation have only been identified recently, mostly following analysis in the yeast Saccharomyces cerevisiae (1, reviewed in 2). The major mRNA degradation pathway involves first degradation of the poly(A) tail. This deadenylation appears to be the rate-limiting step of the degradation pathway. By an unknown mechanism, deadenylation induces decapping of the target mRNAs. The generation of a monophosphate at the 5′ mRNA extremity allows the 5′→3′ exonucleolytic digestion of the mRNA body. The structure of mRNA degradation intermediates characterised in mammalian cells indicate that the major mRNA degradation pathway is conserved in eukaryotes (3) . In addition to the major mRNA degradation pathway, mRNAs may be degraded by a minor pathway involving 3′→5′ exonucleolytic trimming (4) . Interestingly, this process constitutes the major route of regulated pre-mRNA degradation in the yeast cell nucleus (5) . Additionally, mRNAs containing premature nonsense codons are degraded by a specific pathway (NMD, for Non-sense Mediated Decay) involving mRNA decapping and 5′→3′ exonuclease trimming of the mRNA body (6) . The factors involved in these two steps are identical to those implicated in the similar steps of the major mRNA degradation pathway. It is noteworthy, however, that the signals leading to mRNA decapping are different in the two pathways with deadenylation inducing decapping in the major mRNA degradation pathway (7, 8) and recognition of a premature stop codon and associated downstream sequence by the ribosome and specific factors inducing decapping in the NMD pathway (6, 9) .
Purification of the major yeast exoribonuclease led to the identification of the XRN1 gene (10) . The role of Xrn1p in the degradation of mRNAs was demonstrated in vivo. Chase experiments showed that the half-life of reporter mRNAs was greatly extended in an xrn1 mutant while characterisation of mRNA degradation intermediates accumulating in wild-type and mutant cells indicated that Xrn1p was responsible for the 5′→3′ exonucleolytic trimming occurring after decapping (7, 11) . Similarly, purification of the major yeast decapping enzyme led to the identification of the DCP1 gene (12, 13) . In vivo analyses revealed that the Dcp1 protein is required for mRNA degradation in both the major and NMD pathways (8) . Furthermore, Dcp1p was reported to exert decapping activity on its own (14) . Dcp2p, identified as a multicopy suppressor of a dcp1 mutant, is also required for decapping, probably by controlling Dcp1p activity (15) . Recently, Edc1p and Edc2p have also been proposed to modulate decapping (16) . A group of seven Sm-like proteins (Lsm1p-Lsm7p) associated with the Pat1 factor are required to activate decapping in the major mRNA degradation pathway (17) (18) (19) (20) . Consistent with their role in mRNA degradation, these proteins copurified biochemically with the Xrn1p exonuclease (17) . Two-hybrid screens have revealed significant interactions between various *To whom correspondence should be addressed. Tel: +33 1 69 82 38 84; Fax: +33 1 69 82 38 77; Email: seraphin@cgm.cnrs-gif.fr
The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors Lsm proteins (Lsm1p-Lsm8p), Pat1p and Dcp2p (21) . However, the results of biochemical purifications (17) suggest that Lsm8p is not involved in mRNA degradation. Co-immunoprecipitation studies revealed an RNA-dependent interaction between several Lsm (Lsm1, 2, 3, 5, 6 and 7) proteins and Dcp1p (18) . However, as co-immunoprecipitations were inefficient it remains possible that they resulted from the fortuitous association of RNA binding proteins on a bridging RNA molecule. In addition to these factors, several RNA binding proteins have been shown to affect the rate of degradation of specific mRNAs (22, 23) . In contrast, the nature of the factor(s) mediating the mRNA deadenylation remained unclear. A heterodimeric protein with the corresponding activity was purified from yeast and its constituents identified. Surprisingly, however, disruption of the corresponding genes, PAN2 and PAN3, did not generate a strong growth phenotype nor a general reduction in the deadenylation rate of mRNAs in vivo (24) (25) (26) . This suggested that an additional mRNA deadenylase was present in yeast cells.
We report here the identification of Pop2p, a protein previously identified as a transcription factor, as a nuclease belonging to the RNase D family. Characterisation of a pop2 mutant demonstrates that Pop2p is a subunit of the major yeast deadenylase involved in mRNA turn-over. Similar results were reported independently by another group during the course of this study (27) .
MATERIALS AND METHODS

Biocomputing
Database searches were performed using the BLAST (28) and PSI-BLAST (29) software. Multiple alignments were created with the CLUSTALX (30) program and manually edited. Sequences with the following accession numbers were used for the multiple alignment: SWISS-PROT: P39008, Q17345, CAC27008, P53010; SPTrEMBL: O95709, Q9VTS4, O74856, Q9SHJ0, O95453, Q9SHJ0; and the NCBI protein database: XP_005074.
Strains and media
Escherichia coli strain MH1 was used for standard cloning procedures while strain BL21CodonPlus (Stratagene) was used for protein expression. Yeast mutants were constructed by PCR-mediated gene disruption in the W303 background (31) . The POP2 and CCR4 genes were disrupted in isogenic diploids with the help of the HISMX6 cassette (32 (33, 34) .
In vivo assay for mRNA degradation
The plasmid pRP485 encoding the MFA2pG reporter (1) was introduced into wild-type and mutant strains by transformation. RNA chase experiments were performed as described previously (1) . Following northern blotting and detection with an oligonucleotide probe complementary to the oligo(G) insertion of pRP485, signals were detected using a PhosphorImager (Molecular Dynamics). mRNA half-lives were compared by plotting the level of reporter MFA2 mRNA per unit of total RNA over time, using the best fit for an exponential decay. RNase H-mediated degradation of the poly(A) tail in the presence of oligo(dT) was performed essentially as described (19) except that oligo(dT) and total yeast RNA were denatured by heating to 65°C for 10 min and annealed by slowly cooling to room temperature.
Overexpression of the RNase D domain of yeast Pop2p
The sequence coding for amino acids 147-433 of the yeast POP2 gene was amplified from yeast genomic DNA by PCR and inserted in a modified pET24d vector carrying 6× HIS and GST tags (a kind gift from Günther Stier, EMBL). Absence of mutation in the coding sequence was checked by DNA sequencing. Protein expression and purification on Ni-agarose (Qiagen) were performed essentially as suggested by the manufacturer. As a negative control, we used a clone expressing a similarly sized fragment of human α2-actinin inserted in the same vector and purified under identical conditions.
In vitro RNase assays
Radiolabelled poly(A) was prepared by incubating poly(A) (Pharmacia) in the presence of [α-32 P]ATP (3000 Ci/mmol; Amersham) and yeast poly(A) polymerase (USB) as described previously (25) . The probe was purified by gel filtration and ethanol precipitation. For nuclease activity tests, ∼50 000 c.p.m. of probe was incubated with a given amount of recombinant Pop2p or human α2-actinin at 30°C in a 50 µl volume reaction containing 10 mM HEPES pH 7.5, 1 mM magnesium acetate, 2 mM spermidine, 2 mM DTT, 0.02% NP-40, 1 U/µl RNasin (Promega). At various time points aliquots were precipitated with TCA and the level of soluble radioactivity released was measured by scintillation or Cerenkov counting, essentially as described previously (35) . Radioactivity released was converted into picomoles, taking into account the specific activity of the ATP incorporated and assuming that AMP is released. Activity is therefore underestimated as degradation of the starting unlabelled poly(A) is not taken into account. Experiments using identical quantities of proteins or identical volumes from the eluted fractions (to rule out differential activity due to presence of E.coli contaminants present at different relative ratio compared to the recombinant protein) led to the same conclusion (data not shown). Poly(A), poly(C) and poly(G) for competition assays were obtained from Pharmacia.
RESULTS
Yeast Pop2p contains an RNase D sequence signature
In order to identify a putative yeast deadenylase, we searched proteins derived from the yeast genome sequence for similarity with the peptidic sequence of human PARN, a human poly(A)-specific nuclease (36) . One of the best matching sequences turned out to be yeast Pop2p. (Pop2p is also called Caf1p; as POP2 is the official name in the yeast gene database, we will use this nomenclature throughout this paper.) While this protein has been previously extensively characterised as a transcription factor negatively regulating transcription (37,38), we noticed that Pop2p was similar to PARN over its RNase D domain ( Fig. 1) (36, 39, 40) . Interestingly, a general analysis of RNase D-related proteins failed to identify Pop2p as a bona fide member of this family, partly because it contains noncanonical residues at three of the five residues involved in the formation of the catalytic site ( Fig. 1, arrowheads) (40, 41) . However, putative Pop2p homologues from plants, animals or fungi contain consensus residues at these conserved positions suggesting that the lack of conservation observed in S.cerevisiae represents an exceptional situation rather than the selection for a non-functional protein (Fig. 1) . The S.cerevisiae protein is also unique because it contains a long N-terminal extension that is not present in other putative homologues. Interestingly, the N-terminal extension of yeast Pop2p is rich in glutamine residues but dispensable for function ( Fig. 1 ) (42) . Overall, these observations suggested that yeast Pop2p might be endowed with a 3′→5′ exonuclease activity similar to that of RNase D and other members of this family. Previous analyses had revealed the presence of 11 additional proteins containing the characteristic RNase D motif encoded by the yeast genome (41) . Among them figured the Pan2 protein that had been characterised as a deadenylase (24) . The other yeast proteins from this family have been ascribed other functions involving exonucleolytic activities, such as proofreading associated with DNA polymerases or rRNA maturation (41, 43) .
Except for Pan2p, previous analyses have failed to reveal an involvement of the other yeast proteins from this family in mRNA degradation. Taken together with the similarity to PARN and PAN2, the fact that Pop2p was the only remaining member from this family without a direct function in RNA degradation made it the best candidate for the elusive yeast deadenylase. This hypothesis was strengthened by the observation that the Pop2p-associated protein Ccr4 was itself recently shown to contain an endonuclease motif (44).
Pop2p and Ccr4p are both required for efficient in vivo mRNA degradation
Previous studies have shown that both Pop2p and Ccr4p were not required for vegetative growth of yeast, even though disruption of the corresponding genes did produce a complex slow growth phenotype (45, 46) . Therefore, to test the possibility that Pop2p and/or Ccr4p were involved in mRNA degradation we constructed haploid yeast stains lacking these genes (see Materials and Methods). Strains disrupted for either of these two genes grew slowly in agreement with published results. The pop2 mutant strain was slightly more affected than the ccr4 mutant, suggesting a more important role for cell growth for Pop2p (data not shown). The pRP485 reporter plasmid encoding a MFA2 mRNA marked with an oligo(G) tract under the control of a GAL regulated promoter (1) was then introduced into wild-type and disrupted cells. Transformants were recovered and grown in selective media containing galactose before being switched to glucose-containing medium at time 0. This procedure turns off the GAL promoter, allowing the analysis of the decay rate of the reporter RNA. At various time points following the shut-off of the reporter, total RNA was extracted from cells, fractionated on denaturing gels and transferred to a membrane that was hybridised with a probe complementary to the oligo(G) track to reveal specifically the reporter RNA (Fig. 2) . The RNA profile observed in wild-type cells was similar to that reported previously: a high level of mRNA and a characteristic degradation intermediate fragment starting at the oligo(G) track and ending with a few A residues remaining from the poly(A) tail were present at time 0 (glucose addition) (1). Following transcriptional shut-off, the average size of the full-length mRNA population decreased rapidly due to deadenylation with concomitant disappearance of the MFA2 reporter mRNA. In contrast, the size of the degradation intermediate was only marginally affected while its level decreased with slower kinetics (Fig. 2A, lanes 2-10) . Interestingly, in the mutant pop2 strain, the size of the full-length reported MFA2 mRNA was slightly larger than in the wild-type strain. Furthermore, no apparent shortening of this species was visible following transcriptional shut-off. In addition, the mRNA level diminished only slowly over time with a half-life doubled in the pop2 disruption mutant compared to the wild-type strain (data not shown). It is also noteworthy that the major degradation intermediate was not detected at any time point and that a low level of a new heterogeneous species slightly larger than the degradation intermediate was detectable in the mutant strain ( Fig. 2A, lanes 11-20) . A similar experiment was performed with the ccr4 mutant strain (Fig. 2B) . Strikingly similar observations were made including the larger size and increased half-life of the MFA2 mRNA, the absence of normal degradation intermediate and the appearance of a new diffuse species in the mutant strain (compare Fig. 2A and B) .
MFA2 mRNA and degradation intermediates have extended poly(A) tails in the pop2 and ccr4 mutants
These data revealed that deletion of pop2 and ccr4 had a dramatic effect on the fate of the MFA2 mRNA. In particular, the absence of the normal degradation intermediate was highly suggestive of defective mRNA turnover, possibly through reduced deadenylation. This possibility was consistent with the presence of the longer mRNA and degradation intermediate species potentially containing extended poly(A) tails. However, because Pop2p and Ccr4p have been implicated in transcription, the presence of larger transcripts might also have resulted from choice of new aberrant transcription initiation and/or polyadenylation sites. To discriminate between these possibilities, we treated representative RNA samples from the promoter shut-off experiment with RNase H in the presence of oligo(dT) to degrade poly(A) tails attached to the transcripts. The products of this reaction were compared to the starting material by northern blotting (Fig. 3) . This experiment revealed that the size of the deadenylated mRNA was identical in the wild-type and mutant strains. We conclude therefore that differences in the length of the poly(A) tail rather than changes in the structure of the mRNA body account for the larger size of the MFA2 mRNA in mutant versus wild-type cells. Consistent with previous analysis, the degradation intermediate species detected in the wild-type cell was only marginally affected by RNase H treatment indicating the presence of only an oligo(A) tail at its 3′ end. In contrast, the new heterogeneous RNA species detected in the mutant strains was dramatically shortened following RNase H treatment to produce an homogenous population of RNA of size identical to the degradation intermediate detected in wild-type cells (Fig. 3, lanes 4-7) . Taken together with the presence of the oligo(G) sequence in this species and its size, these data revealed that the new species accumulating in the mutant strains represented a 5′ truncated fragment of the MFA2 mRNA extending from the oligo(G) track and including an heterogeneous collection of extended 3′ poly(A) tails.
Taken together, our results indicate that Pop2p and Ccr4p are required for efficient degradation of the MFA2 mRNA in vivo. Furthermore, accumulation of species harbouring extended poly(A) tails was consistent with the involvement of these factors in deadenylation, as suggested by the finding of RNase D and endonuclease motifs in their amino acid sequences.
A recombinant Pop2p fragment exhibits nuclease activity in vitro
To test for a direct role of Pop2p in deadenylation, we produced a recombinant Pop2p fragment covering the RNase D motif by overexpression in E.coli. [This domain was selected because (i) the N-terminal yeast specific extension is not known to be expressed in vivo, (ii) this region is not conserved in other species and (iii) it contains long stretches of glutamine residues that may prevent expression or induce insolubility in E.coli.] The recombinant fusion protein was purified to near homogeneity on Ni-agarose beads using a 6× HIS tag (Fig. 4A, lane 1) . As a control, we expressed and purified a fragment of human α2-actinin (Fig. 4A, lane 2) under the same conditions. To test the activity of these proteins in poly(A) degradation, we incubated in vitro-synthesised radioactively labelled poly(A) with different amounts of these recombinant factors. Poly(A) degradation was assayed by the release of TCA soluble radioactivity from the poly(A) substrate at various time points after the addition of the protein sample (35) . This revealed a time and concentration dependent degradation of poly(A) mediated by the recombinant Pop2p fragment (Fig. 4B) . In contrast, incubation of the recombinant α2-actinin fragment did not lead to the production of TCA soluble radioactivity compared to the incubation performed in the absence of protein (Fig. 4B, mock) . These controls demonstrate that poly(A) degradation is mediated directly by Pop2p rather than by trace amount of a contaminating factor from E.coli. Therefore, we conclude that Pop2p is a nuclease able to degrade poly(A).
Competition experiments reveal the Pop2p specificity
To determine whether the recombinant Pop2p nuclease display some specificity toward specific substrates, we performed competition experiments. Briefly, increasing amounts of Figure 2A (wild-type and pop2 mutant) or 2B (ccr4 mutant) were treated with RNase H and oligo(dT) (lanes 3, 5 and 7). Untreated material is shown for comparison (lanes 2, 4 and 6). RNA samples were fractionated by gel electrophoresis and revealed following northern blotting (see Fig. 2 for details). A DNA molecular weight standard was loaded in lanes 1 and 8. Sizes of the corresponding fragments are indicated on the left. The structures of the various RNA species are given on the right. Release of TCA soluble radioactivity from a radiolabelled poly(A) substrate was measured in a time course experiment at various concentrations of recombinant Pop2p, control protein (human α2-actinin) or in a mocktreated sample and plotted. In the reaction incubated for 60 min with 30 ng/µl of recombinant Pop2p, ∼60% of the input substrate was degraded. Similar results were obtained using independent protein preparation. Control reactions using an equivalent volume of eluate rather than an equivalent concentration of protein give similar results, confirming that the nuclease activity does not originate from E.coli contaminant(s) (data not shown).
poly(A), poly(G) or poly(C) were added to a standard degradation reaction containing radiolabelled poly(A) and a fixed amount of recombinant Pop2p. After a 30 min incubation, TCA soluble radioactivity released in the assay was measured. The results, depicted in Figure 5 , demonstrate that, as expected, excess poly(A) was able to prevent degradation of the radiolabelled poly(A) substrate. In contrast, low concentrations of poly(G) or poly(C) did not inhibit Pop2p mediated poly(A) degradation but rather led to a slight activation of the nuclease activity. At higher concentrations, poly(C) or poly(G) led to inhibition of the Pop2p nuclease activity possibly through non-specific interaction with the enzyme. The effect of poly(U) could not be tested in this assay because it would nonspecifically prevent access to poly(A) by formation of doublestranded RNA. We conclude that Pop2p is a nuclease degrading poly(A) preferentially.
DISCUSSION
Our results demonstrate that yeast Pop2p is a nuclease involved in poly(A) degradation. A yeast strain lacking Pop2p is defective in mRNA degradation and accumulates mRNA and degradation products containing extended poly(A) tail, consistent with a defect in the deadenylation of mRNAs. While this work was in progress, a similar observation was independently reported by another group (27) . It was unexpected to find some polyadenylated degradation intermediate fragments starting at the oligo(G) insertion and ending with a poly(A) tail in a deadenylase mutant. Indeed, previous studies had suggested that poly(A) tail shortening was required to activate decapping (8) . While the pathway of formation of this new degradation fragment remains to be determined, it is likely to involve Dcp1p-mediated decapping and Xrn1p-mediated 5′→3′ exonuclease trimming of fully polyadenylated mRNA. The finding of significant levels of polyadenylated degradation intermediate in the pop2 and ccr4 mutant strains indicates that decapping is not absolutely coupled to the absence (or shortening) of the poly(A) tail. It will be of interest to test whether this intermediate is generated through alternative pathways (e.g., decapping mediated by factors involved in the NMD pathway) and if this alternative route contributes to mRNA decay in wild-type cells. Similarly, the subcellular location of this degradation process and the relative role of Pop2p in nuclear versus cytoplasmic mRNA degradation remain to be determined.
The Pan2-Pan3 complex had been previously described as a deadenylase in yeast. Surprisingly, however, pan2 or pan3 mutant displayed no growth phenotype and only weak reduction in the rate of mRNA deadenylation (24) (25) (26) . The identification of Pop2p as a second deadenylase in yeast offers an explanation for this situation. Furthermore, because a pop2 disruption mutant displays a severe growth phenotype and a strong effect on mRNA deadenylation in vivo, one can conclude that it is required for activity of the major yeast deadenylase. Interestingly, the protein Ccr4p had been described previously as a Pop2p-associated factor (46) . Our characterisation of a ccr4 mutant demonstrates that it is also involved in mRNA degradation. In this context, it is noteworthy that Ccr4p contains a putative endonuclease domain (44) . Further study will be required to test whether this endonuclease domain contributes catalytically to poly(A) tail shortening. However, the analysis of pop2 and ccr4 mutant clearly demonstrates that both subunits are required for efficient deadenylation in vivo. It is likely that yeast Pop2p contributes catalytically to poly(A) degradation. Indeed, database searches revealed that Pop2p contains an RNase D domain (39) (40) (41) that is highly similar to the RNase D domain found in the mammalian deadenylase PARN (36) . The founding member of this family is E.coli RNase D that is involved in tRNA 3′ end processing through its 3′→5′ exonuclease activity (47) . Other enzymes harbouring this motif also exhibit 3′→5′ exonuclease activity, including PARN and Pan2p. The presence of this motif in Pop2p is therefore consistent with its involvement in deadenylation that occurs in a 3′→5′ direction even if several of the highly conserved residues typical of the RNase D family have been substituted in Pop2p during evolution. A direct catalytic role for Pop2p in deadenylation is further supported by our demonstration that a recombinant Pop2p RNase D domain purified from E.coli is endowed with nuclease activity with a preferred specificity for poly(A). These results demonstrate that the amino acid substitutions present in Pop2p do not prevent catalytic activity. We do not know, however, whether this activity is sufficient for deadenylation or if additional enzymatic activities are required (e.g., endonuclease activity of Ccr4p). Indeed, at this stage, it remains possible that both proteins are catalytically active or that Ccr4p is required to stabilise and/or activate Pop2p in vivo. Further analyses will be required to discriminate between these possibilities. Interestingly, Pop2p and Ccr4p have been previously described as factors affecting transcription. While our study does not address the role of this protein in mRNA synthesis, we clearly establish that these factors are involved in mRNA turnover. It will therefore be important in the future to discriminate between phenotypes resulting from an involvement of Pop2p in transcription and those resulting from its role in mRNA turnover.
While Pop2p displays significant similarity to human PARN, it does not appear to represent a PARN homologue in yeast. Indeed, at least two proteins highly related to Pop2p are encoded in the human genome ( Fig. 1) and represent putative orthologues. These proteins are also likely to have nuclease activity and to be involved in mRNA deadenylation (data not shown). Because deadenylation appears to be the rate-limiting step of mRNA degradation, it is the potential target for mRNA turnover control. The identification of yeast Pop2p as a nuclease involved in mRNA deadenylation and of human homologues will allow us to better understand the control of mRNA degradation.
